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The titanium cluster with the reduced band gap has been synthesized having the palladium nano-
particles over the surface, which not only binds to the atmospheric oxygen but also catalyzes the oxi-
dation of alcohols under visible light.
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).1. Introduction
The increasing focus on the utilization of visible light energy is
due to its abundant nature and its impeccable tolerance towards
the environment.1 Harvesting visible light and performing chem-
ical transformations with it in a concerted process is a high priority
chemical research area.2 Most of the photo-catalysts, especially
based on titanium oxide, are active under ultra-violet light (UV);3
visible light mediated reactions have not received similar atten-
tion.4 There are many photoactive materials available in the liter-
ature4 and a vast majority of them has received casual attention in
academic publications due to low activity and/or limited applica-
bility. Titanium-based materials have received maximum consid-
eration as a photoactive material, the major limitation being their
wider band gaps, which make it active only under UV irradiation
conditions. The activity speciﬁc to UV light diminishes its role as
a photoactive material, which can utilize solar energy in chemical
reactions. Therefore, it becomes imperative to reduce the band gap
in titanium materials in order to bring its activity into the visible
spectrum of electromagnetic radiation.5
Titaniummaterial in combinationwith metals and other doping
elements have been used to reduce the band gap, therefore,ail address: varma.rajender@
; et al., Tetrahedron (2016), h
access article under the CC BY licesunlight could be utilized for the reaction.6 Nitrogen doping in ti-
tanium oxide has been known to reduce band gap to a great ex-
tent.7 However, the reaction of N-doped titanium oxide is
uncontrollable in visible light due to its high activity; complete
decomposition or mineralization of the organic matter is common
occurrence in environmental remediation studies8 thus rendering
this catalyst incongruous in organic synthesis.9 On the other hand,
titanium oxide has been used as a support for the immobilization of
transition metals and its application in oxidation chemistry is
growing.10 Hong and co-workers have immobilized palladium and
gold combination over the surface of TiO2 but they lost the ethos of
TiO2 as a photoactive material when the reaction was performed
under thermal heating using oxygen atmosphere.11 In this reaction,
gold adsorbs the oxygen in the reaction media and transfers into
the reactant via the bimetallic interaction with palladium. The use
of titanium oxide becomes irreverent, as its photoactivity has not
been utilized. Similarly, Li et al. utilized biosynthesized Au/Pd-TiO2
supported nanoparticle in the oxidation reaction.12 We strived to
utilize the core property of titanium as photoactive material along
with structural modiﬁcation to create the cluster which can adsorb
the atmospheric oxygen and transfer to the reactant in an oxidation
process. Accordingly, we prepared nitrogenous titanium cluster,
immobilized the palladium to develop photoactive gold-free cata-
lyst, and demonstrated its application in selective oxidation of al-
cohols; titanium cluster performs the dual task by providing
required activation energy and transmitting oxygen in the oxida-
tion step.ttp://dx.doi.org/10.1016/j.tet.2016.07.070
nse (http://creativecommons.org/licenses/by/4.0/).
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In continuation of our desire to develop benign methods for
environmental remediation and green synthesis,13 herein, we re-
port a photoactive palladium-grafted titanium cluster and dem-
onstrated its application in selective oxidation of alcohols to the
corresponding carbonyl compounds. Generally, oxidation chem-
istry is conducted using transition metals along with a supporting
co-oxidant.14 Often, co-oxidants comprise homogenous mix of
reagents and catalysts with occasional use of oxygen. However,
the utility of oxygen as co-oxidant comes with various detriments
that include addition of oxygen absorbing material or metals that
can bind oxygen in the reaction such as gold. The main objective
here is the adsorption and transmission of the required oxygen for
the catalytic process.15 However, our titanium cluster based cat-
alyst does not require any of these additives and the reaction can
be conducted under visible light using oxygen from the atmo-
sphere. The ﬁrst step in developing the active catalyst was the
synthesis of titanium cluster with the signiﬁcant reduction in the
band gap. It has been accomplished by treating titanium (IV)
isopropoxide with 4-aminobenzoic acid in isopropanol at 120 C
for 72 h;16 shiny crystals of titanium clusters ensued which settled
down at the bottom of the reaction vessel and were separated by
decanting and centrifugation. The Ti-cluster was then suspended
in isopropanol and treated with palladium nitrate at 80 C; pal-
ladium salt was reduced and Pd (0) deposited over the cluster. The
palladium grafted titanium cluster (Pd@TiC) was separated and its
application has been evaluated in the selective oxidation of alco-
hols (Scheme 1).Fig. 1. SEM images of Ti-Cluster (a) Pyramid-like structure and (b
OHR OR
Pd@TiC
Air, CH3CN
Visible light
Scheme 1. Pd@TiC catalyzed oxidation of alcohols.
Please cite this article in press as: Verma, S.; et al., Tetrahedron (2016), hThe Pd@TiC catalyst was characterized using scanning electron
microscope (SEM) and X-ray diffraction (XRD). The percentage of
palladium was determined using inductive coupled plasma atomic
emission spectroscopy (ICP-AES) analysis. The SEM images of Ti-
cluster and Pd@TiC catalyst illustrate the immobilization of palla-
dium (Pd) nanoparticles (Fig. 1) with the apparent changes in the
surface morphology. The immobilization of Pd was further estab-
lished by XRD (Fig. 2) and the concentration conﬁrmed to be 4.88%
by ICP-AES analysis.
The activity of Pd@TiC was evaluated in the aerial oxidation of
alcohols under visible light irradiation with benzyl alcohol as
a model substrate. The preliminary results obtained during the
screening and reaction optimization are summarized in Table 1. The) Close view of pyramid; (c) and (d) SEM images of Pd@TiC.
Fig. 2. XRD of Ti-Cluster and Pd@TiC.
ttp://dx.doi.org/10.1016/j.tet.2016.07.070
Table 1
Results of screening experimentsa
Entry Solvent Time Yieldb
1 H2O 12 h 45%
2 Toluene 12 h 48%
3 DMF 12 h 16%
4 CH3CN 8 h 97%
a Reaction conditions: Benzyl alcohol (1 mmol), Pd@TiC (25 mg), Solvent (2 mL),
20 W domestic bulb, Air.
b Isolated yields.
S. Verma et al. / Tetrahedron xxx (2016) 1e4 3reaction outcome in different solvents clearly indicate that aceto-
nitrile is the best solvent for this reaction as it gives quantitative
yield of the desired product; conventionally used polar solvents
(water and DMF) and non-polar solvent (toluene) were in effective
in the visible light mediated aerial oxidation of alcohol.
After uncovering the appropriate conditions, the scope of the
developed Pd@TiC catalyst was studied in the oxidation of a wide
range of alcohols and the results are depicted in Table 2. They
clearly demonstrate the excellent activity and selectivity towards
the formation of corresponding carbonyl compounds (Table 2;
entries 1e8) where electron donating and electron with drawing
substituents apparently have triﬂing effect on the rate of the re-
action (Table 2, entries 2e4). The secondary alcohols and hetero-
cyclic alcoholic derivatives were also readily converted toTable 2
Pd@TiC catalyzed oxidation of alcoholsa
Entry Substrate Product Yieldb
1
OH O 97%
2
OH O 95%
3
OH
O
O
O
96%
4
OH
O2N
O
O2N
96%
5
OH O
94%
6
OH O
94%
7
O OH O
O 97%
8
S OH S
O 97%
a Reaction conditions: Substrate (1 mmol), Pd@TiC (25 mg), CH3CN (2 mL), 20 W
domestic bulb, Air, 8 h.
b Isolated yield.
Please cite this article in press as: Verma, S.; et al., Tetrahedron (2016), hcorresponding carbonyl derivatives (Table 2, entries 5e8). The
important feature of this reaction was the use of aerial oxygen and
solar energy to accomplish the oxidation of alcohol without the
formation of any by-product, which is an unprecedented ﬁnding.3. Conclusion
We have demonstrated the synthesis of highly dispersed
palladium nanoparticles grafted on titanium cluster. The developed
Pd@TiC catalyst is found to be a highly effective in the aerial oxi-
dation of alcohols under visible light and its activity is attributed to
the reduced band gap, which makes it active under visible light
thus harnessing solar energy for the chemical reactions. The
Pd@TiC is found to be highly stable and could be recycled several
times without any loss in its activity. The most important feature of
this catalyst is its ability to bind with the atmospheric oxygen
which serves as an oxidant in the reaction cycle.4. Experimental section
4.1. Synthesis of Pd@TiC catalyst
Titanium (IV) isopropoxide (0.518 mL) was added to a solution
of 4-aminobenzoic acid (0.96 g, 7.0 mmol) in 2-propanol (30.0 mL).
The reaction mixture was stirred at room temperature for 30 min;
an orange-colored slurry was obtained. The slurry was heated at
120 C for 72 h in a pressure reactor when bright yellow crystals of
titanium cluster ensued. The catalyst was isolated by decanting and
centrifugation, washed with 2-propanol and dried under vacuum
for 2 h. The Ti cluster (100 mg) was then suspended in isopropanol
(10 mL) and treated with palladium nitrate (5 mol %) at 80 C. 2-
propanol reduced the Pd metal into Pd-nanoparticle which were
deposited over the titanium cluster. The palladium nanoparticle
grafted titanium cluster (Pd@TiC) was isolated and characterized
using SEM, XRD, and ICP-AES.4.2. General procedure for the oxidation of alcohols
A 10 mL side-armed round bottomed ﬂask equipped with
a magnetic stirring bar and a balloon ﬁlled with air was charged
with alcohol (1 mmol), catalyst Pd@TiC (25 mg) and acetonitrile
(2mL). The reactionmixturewas exposed to visible light irradiation
using 20 W domestic bulb (Fig. 3) and the progress of reaction was
monitored using TLC. After the completion of the reaction, the
Pd@TiC catalyst was separated using a centrifuge and the product
was isolated by extracting with ethyl acetate, dried over sodium
sulfate, concentrated under reduced pressure and characterized.Fig. 3. Pictorial representation of the reaction set-up.
ttp://dx.doi.org/10.1016/j.tet.2016.07.070
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A set of experiments were performed using benzyl alcohol as
a model substrate in acetonitrile solvent. After the completion of
each reaction, the Pd@TiC catalyst was recovered using a centrifuge,
washed with methanol and reused for the oxidation of fresh batch
of benzyl alcohol. The Pd@TiC catalyst could be recycled and reused
up to six times without any loss in its activity (Table 3). The metal
leaching in reactionwith Pd@TiCwas examined by ICP-AES analysis
before and after the completion of reaction; concentration of pal-
ladium was found to be 4.88% before the reaction and 4.87% after
the sixth cycle. The ICP-AES of the mother liquor did not show the
presence of palladium conﬁrming the fact that titanium cluster
holds the Pd nanoparticles tightly.Table 3
Recycling of Pd@TiC catalyst in the oxidation of benzyl alcohola
Run 1 2 3 4 5 6
Isolated yield 97% 97% 97% 97% 96% 96%
a Reaction conditions: Benzyl alcohol (1 mmol), Pd@TiC (25 mg), CH3CN (2 mL),
20 W domestic bulb, Air.The SEM image of the Pd@TiC before and after the reaction
conﬁrms that there is no signiﬁcant change in the morphology of
the catalyst, which signiﬁes high stability of Pd@TiC during the
course of the reaction (Fig. 4).Fig. 4. SEM image of the recycled Pd@TiC.Disclaimer
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